D urability characteristics of precast concrete structural elements under weathering effects and chemical attack are important considerations with significant life-cycle, economic, and sustainability implications. 1 Corrosion of embedded steel, which is a concern in prestressed concrete structural elements, could be accelerated by the ingress of chloride ions (for example, deicer salts) and carbon dioxide. 2, 3 Chloride ions and the reduced alkalinity of cement pore water upon carbonation can compromise the protective film formed on steel surfaces, leading to accelerated corrosion of reinforcing and prestressing steel in concrete. 4, 5 Since the 1960s, when the corrosion of steel grew in significance due to the extensive use of deicing salts, many studies have been undertaken to further the development of corrosion inhibitors for concrete. 6 Various organic and inorganic corrosion-inhibiting compounds have been developed and commercialized. The most common inorganic inhibitors are trisodium citrate, phosphate, nitrite, sodium gluganate, calcium nitrate, calcium nitrite, sodium molybdate, alkanolamines, di-2 ethylhexyl, and uracil derivatives. Organic inhibitors derived from ternary mixing of aldonic and benzonic acids and a triazole, carboxylic or bicarboxylic acid, and tannins are also used to control corrosion of various alloys in different media. [7] [8] [9] [10] The emergence of graphite nanomaterials-for example, carbon nanotubes, graphite nanoplatelets, and carbon ■ Distinct geometric, physical, and mechanical attributes of graphite nanomaterials make them effective in enhancing diverse material properties of cementitious materials.
■ To explain the contribution of nanoplatelets toward the structural performance of reinforced concrete beams, the gain in bonding of reinforcing steel to cement and the mechanical properties of concrete resulting from the introduction of nanoplatelets were investigated.
can enable the design of precast, prestressed concrete systems with improved structural efficiency, service life, and sustainability. Past investigations of the performance efficiency of nanomaterials in cement-based matrices have been mostly conducted at laboratory scale, generally using cementitious pastes and mortars in lieu of concrete as the matrix that is incorporating nanomaterials. The work reported herein evaluated the effects of low-cost graphite nanoplatelets on the structural, barrier, and durability characteristics of full-scale precast concrete beams prepared using industrial-scale production facilities.
Experimental program
Concrete ingredients ). The nanoplatelet volume fraction was selected based on laboratory-scale optimization studies, which targeted achievement of balanced gains in the mechanical characteristics and moisture sorption resistance of concrete. 13 The optimum dosage of graphite nanoplatelets selected for use in manufacturing the reinforcement concrete beams was 0.05% by volume. Steam curing was used for manufacturing of the reinforced concrete beams.
nanofibers-and their industrial-scale production at reduced costs have provided new, cost-effective means of controlling the inception and growth of microcracks in concrete. This occurs while also enhancing the barrier and durability characteristics of concrete. [11] [12] [13] [14] Graphite nanomaterials offer distinct geometric, mechanical, physical, and stability attributes to enhance cement-based materials. 15, 16 This study focuses on the evaluation of high-performance concrete materials that use low-cost graphite nanoplatelets to realize balanced gains in the durability, crack resistance, and structural efficiency of precast, prestressed concrete products. Supplementary testing was also performed to evaluate the effect of nanoreinforcement on the bonding behavior of steel reinforcement and prestressing with the cementitious paste. Graphite nanoplatelets provide these benefits at a competitive cost without significantly altering the workability of fresh concrete mixtures.
Graphite nanoplatelets are viewed in this study as multifunctional additives that surpass the contributions of water repellents and corrosion inhibitors to the durability characteristics of precast, prestressed concrete products and at the same time produce reinforcing effects at a scale that cannot be matched by those of conventional (microscale) fibers or steel reinforcement.
Graphite nanoplatelets, as a new class of multifunctional concrete additives, provide distinctly high specific surface areas (for effective interactions with concrete), high aspect ratios (for percolation at relatively low volume fractions), and nearly perfect structures yielding uniquely high thermal conductivity and mechanical properties. At a low volume fraction (~0.05%), graphite nanoplatelets occur at nanoscale spacing in concrete, which adds to their benefits toward control of microcrack size and propagation and also their action as barriers against diffusion of moisture and aggressive solutions.
The work reported herein evaluated scaled-up production and flexural performance of precast, reinforced concrete beams modified through introduction of graphite nanoplatelets; supplementary laboratory tests were also performed on concrete specimens obtained from the concrete materials produced under industrial-scale conditions. The focus of the durability tests was the evaluation of the contributions of nanoplatelets to the resistance of concrete against moisture absorption and acid attack. The study was further developed to evaluate the effect of nanomaterials on the bonding characteristics of concrete.
Research significance
High-performance concrete with optimum nanoscale reinforcement can realize a desired balance of diverse engineering properties with preferred fresh mixture workability. Graphite nanoplatelets, as nanoscale reinforcement, 1. Stir the modified graphite nanoplatelets for about 12 hours in water.
2. Sonicate the mixture over four 10-minute time periods at 30%, 45%, 65%, and 75% of maximal sonicator power (400 W) with one-minute intervals between the intensity increments.
3. Repeat step 1.
Full-scale beam production
Two full-scale beams ( One of the reinforced concrete beams was made with plain concrete, and the other incorporated graphite nanoplatelets at the previously noted dosage. The beams were steam cured and subjected to ambient conditions. They were subjected to structural testing four months after production.
Concrete specimens were also prepared during casting of the beams for performance of mechanical and durability tests in the laboratory. A pan mixer was used in the precast concrete plant for preparing the concrete nanocomposite mixtures, with 10% of the water being replaced with an equivalent amount of water incorporating dispersed graphite nanoplatelets. Four-point flexure tests were performed on the reinforced concrete beams (Fig. 1) . A load cell and two displacement transducers ( Fig. 1 ) located at the center of the beam were used for monitoring the load-deflection behavior of the reinforced concrete beams. To track the stress-strain behavior of the beams, two strain gauges were attached at the top and two at the bottom of the reinforced concrete beam at midspan.
Bond and concrete materials tests
Compression (ASTM C39   18 ) and split tension (ASTM C496 19 ) tests were performed on 4 × 8 in. Ultra-high-performance concrete (UHPC) was developed to study the effect of nanomaterials on the bonding behavior of reinforcement in cement paste. Raw materials used for the UHPC production included Type I portland cement; undensified silica fume with a 7.87 × 10 -6 in. (~200 nm) mean particle size, 1.05 × 10 7 in. 2 /lb (~15 m 2 /g) specific surface area, and ≥ 105% seven-day pozzolanic activity index; granite coarse aggregate with a maximum particle size of 0.35 in. (9.5 mm); natural sand with a maximum particle size of 0.08 in. (2 mm); silica sand with a maximum particle size of 0.02 in. (0.5 mm); and a polycarboxylate-based high-range water-reducing admixture. Table 2 presents the mixture for UHPC used in this study. The targeted compressive strength of the UHPC was 22,000 psi (150 MPa).
Graphite nanoplatelet surface modification and dispersion methods
A simple surface treatment method was used to provide optimal bonding of the graphite nanoplatelets to the cement paste. This cost-effective surface modification method 17 involved grafting polyacrylic acid onto graphite nanoplatelets to introduce high concentrations of hydroxyl and carboxyl groups on the graphite nanoplatelet surfaces. Introduction of these groups on the surface of graphite nanoplatelets helps them disperse better in water by making the surfaces more hydrophilic and by inducing steric effects. The hydroxyl and carboxyl groups enable bonding to cement hydrates via coordinate bond formation with Ca 2+ ions in cement, strong cationic and anionic interactions, and other secondary bonding mechanisms.
Graphite nanoplatelets were modified by adding polyacrylic acid at a 1:0.1 weight ratio (1 graphite nanoplatelet to 0.1 polyacrylic acid) based on the authors' past experience. 17 The required amount of polyacrylic acid was added to the graphite nanoplatelets and mixed with 10% of the concrete mixing water. A simple dispersion method was used to disperse the modified graphite nanoplatelets in the water. This method comprised three steps. under industrial-scale conditions, steam cured adhering to the practices commonly followed in the plant, and then exposed to ambient temperature and 50% relative humidity before testing.
Pull-out tests were conducted in accordance with the procedures used in the literature. 18 A 6 in. (150 mm) diameter, 6 in. high cylinder enclosed each bar. A single deformed bar was embedded vertically along the central axis of the specimen. Based on past experience, 25 the bonded length of the deformed bar in the cylindrical specimen was two times larger than the bar diameter, instead of five times larger than the bar diameter. The unbonded regions of the bar were sheathed with PVC pipes. A pull-out load was applied using a servo valve-controlled hydraulic test system with a maximum load capacity of 112,000 lb (500 kN) at a displacement rate of 0.02 in./min (0.5 mm/min). Two linear variable differential transformers were used to measure bond slip between the bar and concrete at the loaded and free ends of the bar.
Structural test results
The reinforced concrete beams prepared with and without graphite nanoplatelets were subjected to four-point flexure loading to failure. Figures 2  and 3 compare the flexural load-deflection behavior and crack patterns, respectively, of reinforced concrete beams without and with graphite nanoplatelets. Some improvements in flexural strength and energy absorption capacity (area underneath the load-deflection curve) were observed (Fig. 2) . These improvements resulted from the introduction of nanoplatelets. More important, introduction of nanoplatelets led to pronounced multiple cracking and complex crack patterns with reduced crack widths (Fig. 3) . These trends can be explained by the benefits of nanoplatelets toward control of microcrack initiation and propagation and ute steps. Three specimens were considered for each test. Concrete specimens were prepared in the precast concrete manufacturing plant using the concrete materials produced interfacial failure modes of reinforcing-steel bars in concrete. The observed effects of nanoplatelets on the flexural cracking of reinforced concrete beams would benefit their long-term durability in aggressive service environments.
Bond test results
In the case of a brittle matrix, the bond between the reinforcement and the matrix is an important factor affecting the mechanical behavior of a composite. Pull-out tests were conducted for this paper to study the effects of graphite nanoplatelets on the bond behavior of reinforcing or prestressing steel in UHPC. Bonding of reinforcing and prestressing steel in concrete is mainly mechanical in nature, resulting from the interlocking of bar surface deformations (or strand surface features) in concrete. As bond stress increases, the surface deformations (ribs) will first cause local stress rise and inclined cracking. After the formation of inclined cracks, the tensile stress of the steel bar or strand is transmitted to concrete via the contact force applied on the surface of the ribs. The radial component of this contact force is called the splitting pressure, and it may result in splitting cracks in the concrete. However, if the confinement of concrete prevents splitting cracks, the dominant failure mode will involve pullout of the reinforcing bar or prestressing strand.
Closely spaced nanomaterials can be effective in enhancing the bond behavior of reinforcing (and prestressing) steel in concrete. This is because they can be present in critically stressed areas near bar deformations. Figure 4 shows typical bond stress-slip curves for strands embedded in UHPC with different discrete reinforcement systems (none, steel fiber, and graphite nanoplatelet).
Graphite nanoplatelets at a relatively low-volume fraction (0.21%) is observed to be more effective than steel fibers of a relatively high-volume fraction (1.1%) in improving the bond strength and the bond stress-slip behavior of prestressing strands in UHPC. The gains in bond strength and bond stress-slip behavior of prestressing strands with nanomaterials exceed the corresponding contributions of nanomaterials to the tensile, flexural, and other mechanical characteristics of UHPC. 
Prepared without graphite nanoplatelets
Prepared with graphite nanoplatelets Note: GnP = graphite nanoplatelet; SF = steel fiber. 1 kN = 0.225 kip; 1 MPa = 0.145 ksi.
presents the calculated values of peak bond stress and normalized peak bond strength.
The introduction of relatively low dosages of nanomaterials produces the greatest contribution to the absolute and normalized values of bond strength. The rise in normalized bond strength with the introduction of nanomaterials implies that the benefits of nanomaterials toward the bond strength of UHPC to prestressing strands far exceed the corresponding benefits to the compressive strength of UHPC. This can be explained by the presence of closely spaced nanomaterials in the immediate vicinity of the highly stressed regions of the concrete, which are next to the strand surface irregularities.
Mechanical properties of concrete The concrete materials prepared at industrial scale for the production of beams were also used for preparation of specimens that were cured and stored together with the reinforced concrete beams. These specimens were used to perform flexure, compression, tension, impact, and abrasion tests. The use of graphite nanoplatelets produced gains in flexural strength and energy absorption capacity (Fig. 5) . Graphite nanoplatelets also produced gains in split tensile strength (Fig. 6) . Compressive strengths of concrete materials prepared without and with graphite nanoplatelets (Fig. 6 ) were statistically comparable (at a 0.05 significance level). The use of graphite nanoplatelets significantly benefited the abrasion resistance of concrete and raised the impact resistance of concrete (Fig. 7) .
Barrier and durability characteristics of concrete Absorption tests (ASTM C1585 23 ) were conducted on specimens that were exposed on one surface to water (with all other surfaces sealed). The specimens were weighed after 1, 5, 10, 20, and 30 minutes; 1, 2, 3, 4, 5, and 6 hours; and 1, 2, 3, 4, 5, 6, 7, 8, and 9 days. For this purpose, the specimen's wet surface (the one exposed to water) was quickly dried with a tissue, and the specimen weight was measured before re-exposure of the surface to water.
The close spacing and planar geometry of graphite nanoplatelets induce tortuous diffusion paths in concrete, which greatly benefit the barrier qualities of concrete. Nanoplatelets can thus act as effective additives against absorption of moisture and aggressive solutions into concrete. This, together with control of microcrack growth by nanoplate- Measured values of weight loss ( Fig. 9 ) and especially flexural strength (Fig. 10) pointed to significant contributions of graphite nanoplatelets to the acid resistance of concrete. This finding supports the hypothesis that the contributions of nanoplatelets toward moisture barrier qualities and microcrack resistance yield important benefits to the stability of concrete under aggressive exposure conditions.
Conclusion
Concrete nanocomposites incorporating graphite nanoplatelets at 0.05% by volume were produced at industrial scale in a precast concrete plant and were used to manufacture reinforced concrete beams and specimens for laboratory testing. Structural testing of reinforced concrete beams prepared with and without graphite nanoplatelets indicated that nanoplatelets make important contributions toward control of flexural crack widths in reinforced concrete structures. This is accompished by inducing multiple lets, benefits the durability characteristics of concrete in aggressive environments. Absorption test results (Fig. 8) confirmed that the introduction of graphite nanoplatelets lowers the absorption rate and total moisture absorption of concrete. The absorption I in Fig. 8 is the change in mass divided by the product of the cross-sectional area of the test specimen and the density of water.
Acid resistance tests were performed on prismatic specimens using a modified version of ASTM C267. Concrete specimens were exposed to a 3% sulfuric acid solution at room temperature over a period of 90 days. The acid solution was replaced every 15 days. The 3% sulfuric acid solution was selected to be consistent with other laboratory investigations of concrete acid resistance. 26 After 90 days of exposure to acid attack, specimens were washed to remove any loose particles, weighed, and tested in flexure (under four-point flexural loading per ASTM C78). cracks and complex crack patterns, which could be attributed to the control of microcrack inception and propagation by nanoplatelets. Consequently this can effect the bonding of concrete reinforcing bars and improve the flexural and splitting tensile strengths of concrete. Tests on bonding of concrete to steel and mechanical testing of concrete specimens confirmed the contributions of graphite nanoplatelets to the structural aspects of concrete performance.
Graphite nanoplatelets were also found to make significant contributions toward enhancing the barrier, acid resistance, and abrasion resistance of concrete. These findings indicate that graphite nanoplatelets, at relatively low dosages, play multifaceted roles in the balanced improvement of diverse material and structural properties of concrete materials and reinforced concrete structures. It was found that closely spaced nanomaterials are particularly effective in enhancing the bond behavior of reinforcing (and prestressing) steel in concrete. 
